Abstract: This paper investigated the rotation behaviour of simply bolted I-beam to concrete-filled elliptical steel tubular (CFEST) column connections experimentally. Ten different joint assemblies were tested to failure, with a constant axial compressive load applied to the column and upwards concentrated loads at the beam ends. All of the steel tubes were hot-finished and had a cross-sectional aspect ratio of 2. The orientation of the column and the arrangement of the stiffening plates were taken into consideration. Moment versus rotation relationships and failure modes were compared for each joint, highlighting the benefits of using core concrete and stiffeners in these connections.
Introduction
Concrete-filled steel tubular columns (CFST) are widely used in frame structures owing to their superior structural performance. The CFST column is an optimum combination of different materials, steel and concrete. With the confinement effect provided by the steel tube, the core concrete will obtain higher strength, while in turn, the concrete may eliminate or delay the commencement of local buckling in the steel tube. Additionally, the outer steel tube could be the formwork when casting concrete, which is more economic compared with reinforced concrete and enables rapid construction.
The most common cross-sectional shapes of CFST columns until now have been circular, square and rectangular. Only recently did a new range of elliptical hollow sections (EHSs) become available in the manufacturing industry and subsequently be introduced into building structures. The sectional sizes of EHSs range from 120603.2 mm up to 50025016 mm in Grade S355J2H and the minimum yield strength is 355 MPa [1] . The EHS not only has a varied and interesting appearance which fulfils the aesthetic purpose in design, but also provides potential structural efficiency. With two different principal axes, it has better bending capacity compared with a circular hollow section (CHS) of the same area or weight [2] ; its closed shape offers high torsional stiffness [3] and high resistance to lateral torsional buckling [4] .
With the merits mentioned above, EHS has been applied in several cases, e.g. Heathrow Airport in London and Society Bridge in Scotland. However, there is a lack of appropriate design rules to ensure the safety and economy of utilizing EHS in construction, which hinders its widespread application. Currently, existing research has focused on the behaviour of hollow EHSs [5, 6] and concrete-filled EHSs [7] [8] [9] [10] . However, these investigations did not involve the interaction between members in a connection.
The first experiment on welded EHS tubular joints dates back to 2003; Bortolotti et al [11] and Pietrapertosa and Jaspart [12] tested the brace-to-chord N-and X-joints where the brace was welded on the wide side of the EHS chord. Choo et al. [13] then furthered the study based on experimental results of welded EHS X-connections covering a wider range of variables through numerical analysis. It is concluded that with appropriate EHS orientation, axially loaded EHS connections can achieve higher capacities than equivalent CHS connections with the same brace and chord sectional areas. Willibald et al [14] investigated the behaviour of gusset-plate connections to EHSs where the branch/through plate was arranged in either the longitudinal or transverse direction of the EHS steel tube; and was connected on the wide/narrow side of the EHS. It is found that the yield strength of the through plate connection is approximately twice that of the branch plate connection or more.
Connections with composite tubular columns have also been studied based on varied connection types and loading conditions. Elremaily and Azizinamimi [15] conducted laboratory tests on through beam connections under monotonic loading with the beam web attached to the web cleat plate through both fabrication bolts and fillet welds. Wang et al. [16, 17] investigated the static and hysteretic behaviour of flush end plate joints to CFST columns using high strength blind bolts. Cheng et al. [18] reported static behaviour of CFST connections with square columns stiffened with internal diaphragms. Han and Li [19] tested connections with a reinforced concrete (RC) slab reinforced by an external ring, under seismic loading; Song and Han [20] provided a numerical investigation on the post-fire behaviour of such CFST connections. However, the fabrication of these connection types is always complicated and time-consuming. And it is even more difficult to repeat the investigations for connections with EHSs due to the complexity of geometry. Lam and Dai [21] conducted a numerical study using an ABAQUS solver on four types of easy-to-construct beam to elliptical column connections. The effect of some important parameters on the structural behaviour of the connections was observed. This paper follows on from the above numerical study and starts to explore the behaviour of simply bolted I-beam to concrete-filled elliptical column connections experimentally, employing either fin plates or a through plate. The aim is to eventually find out solutions to these kinds of connections for design. Several joint configurations, with or without concrete core/stiffening plates in the columns, were taken into consideration. A total of ten specimens were tested to failure with the columns bending in the major or minor axis direction. The moment versus rotation relationships and failure modes of ten specimens were addressed and analysed; the effect of core concrete and stiffening plates on bending behaviour of simply bolted beam to elliptical column connections was highlighted.
Experimental study

Specimen types and details
Of all the specimens, five different joint assemblies (named after Type-A, B, C, D, and
Type-E) have been considered, as illustrated in Fig. 1 . Each type of assembly comprised one specimen with a hollow EHS column and another specimen with an EHS column filled with concrete, to explore the enhancement of concrete infill on the structural behaviour of these joints. All EHS columns were manufactured from Grade S355 steel with a minimum yield strength of 355 MPa. Due to the different axes of the EHS tube, two configurations of joint can be obtained as shown by Type-B and Type-D joints. As it is difficult to arrange stiffeners in both major and minor axis directions, only one stiffener plate is adopted for each joint, as seen in Type-A and Type-E connections. For minor axis connection Type-C, a through plate, functioning as both fin plate and stiffener, is adopted to ensure the continuous stiffness of the joint. The five joint assemblies are described as follows: For a typical connection, two beams were connected with the column using fin plates with three M20 Gr. 8.8 or Gr. 10.9 bolts on each side; the fin plate is welded by using fillet weld (weld size is 6 mm) at the mid-height of the elliptical column. For Type-C connection, the through plate was run through the pre-slotted EHS column and was then welded to external face of column (6mm fillet welds). Prior to conducting the experiments, the actual dimensions of EHS columns were measured. Mean values are listed in Table 1 , where 2a, 2b, t and L mean the shorter diameter, longer diameter, thickness and length of the EHS column, respectively; hollow joints named by Joint-A, Joint-B, etc., while the concrete-filled counterparts were Joint-AC, Joint-BC, etc. All beams adopted in the specimens are 900 mm long, with beam sections of 30512748 UB.
Table 1 Mean measured values of EHS column dimensions (mm)
Two batches of concrete were made with the same mix design given in Table 2 , to cast all of the specimens. The concrete cube tests were conducted and an average of 28-day strength of 37 MPa and test-date strength of 42 MPa were obtained. Table 2 Concrete mix specification design and compressive strength
Testing procedure
The typical test setup can be seen in Fig. 2 . All tests were carried out in the heavy structures lab of the School of Engineering, University of Bradford. A compressive load which was approximately equals to 40% of the column resistance was firstly applied at the top column end using a 2500 kN actuator (Jack-3) as shown in Fig. 2 . Two 1000 kN hydraulic actuators (Jack-1 and Jack-2) were then employed to exert an upwards concentrated force at each beam end, replacing the distributed load that would occur from a concrete floor slab in a real frame structure. Specially designed roller bearings (see Fig. 3 ) were employed, connected to the tops of Jacks 1 and 2. The curved rollers allowed the beams to rotate in the plane of the test-rig and plates were welded to the sides of the rollers to constrain out-plane freedoms of the bottom flanges to some extent. The initial distance from the edge of the beam flange to the loading point was 50 mm. A slotted and reusable steel cap was adopted at the top end of the column.
On the top of this special cap, as depicted in Fig. 4 (a), a circular groove slightly bigger than the load cell was carved to slot the loading cell into while an elliptical slot (see Fig. 4 (b)) was made on the opposite side to cover the top of the EHS column to constrain sliding parallel to the orientation of the I-beams and out-of-plane movement of the specimen. For the bottom end of the EHS column, two clamps were employed as shown in Fig. 4(c) , providing a semi-rigid boundary condition for the connections. It is worth mentioning that for the concrete-filled columns, plaster was used to fill the gap caused by shrinkage of the concrete after casting and to make sure that the compressive load was applied evenly to both steel tube and concrete. 
Instrumentation
Several linear variable displacement transducers (LVDTs) and strain gauges were used to measure displacements and strains of selected locations, separately, as illustrated in Fig. 5 .
LVDTs named from L-1 to L-4 were arranged to measure the rotation of the beams. L5-L8
were placed at the bottom flanges of the beams to check whether or not beam bending occurred and also to provide an alternative method to derive the rotations of the joints. L9 and L10, employed to measure the shortening of the elliptical columns, were placed directly underneath the top steel cap. L11-L14 were used to capture the concave or convex deformations on the sides of the EHS column tubes directly above and below the connections.
Rotations of the I-beam to column connections can be calculated using the displacements measured by L1-L8 and the equation is listed as follows: Gauges named from C1 to C9 were used to measure either longitudinal or circumferential strains on the column, while gauges named from "10" to "16" were those located on fin plates, either near fillet welds connecting the fin plates to the column or adjacent to bolt holes to monitor the critical strain. Similar arrangements were adopted for the other nine specimens. compressed under same loading scheme. In Fig. 6 (e), another set of data, represented by filled triangle data points, was given because a repeat test of Joint-EC was conducted using a higher grade of bolt.
As can be seen from Fig. 6 , friction, which existed between the fin plates, beams and bolts, was in control in the initial stage of the test. The rotation of the connection was quite low and the slope was nearly constant, with the column, beam and bolts working well together. Then, the moment climbed slowly with increasing rotation showing that slip occurred after the applied load exceeded the friction. After that, the curves progressed to the next phase where the slope increased, the bolts and holes compressed each other until the failure of the connections. But different curve slopes were observed for concrete-filled and hollow columns after the beam end touched the column surface; the curve slopes of filled connections were steeper due to the enhancement provided by the concrete core to the rotation capacity. The sudden drops seen in the curves were caused by the shear failure of one or more bolts in the final stage of the experiments.
Fig. 6. Moment versus rotation relationships
The lower moment between the two sides of joint is adopted to be the ultimate bending moment for safety concerns. The ultimate moments M u , corresponding to rotations  u and the ratio of the ultimate moment between hollow and concrete-filled specimens, M u-hollow /M u-filled for all of the specimens are given in Table 3 . The enhancement of the ultimate moment ranged from 1.91 to 5.19, and the corresponding rotations of the hollow connections were normally bigger than their concrete-filled counterparts. Therefore, it can be concluded that core concrete in the column can improve the moment behaviour of elliptical column to I-beam connections considerably and the most notable cases were those without stiffening plates (Joint-BC and Joint-DC).
As expected, the moment capacity of Joint-A is significantly higher than that of Joint-B owing to the enhancement of the stiffener plate in the minor axis direction of the EHS tube. However, the ultimate moment of Joint-AC was slightly lower than that of the unstiffened counterpart Joint-BC. The reason may be that the failure of the connection with core concrete was governed by bolt failure. Additionally, the benefit of using concrete in the column was more notable in the unstiffened Type-B connections than Type-A connections, due to the contribution of stiffeners to the minor axes of EHS columns.
Among all of the specimens, through plate Type-C connections exhibited the highest capacity in both hollow connections and the concrete-filled group, although they failed at a lower joint rotation. The explanation is that the through plate endured significantly more load transferred from the beam ends. By comparing the results of Joint-D and Joint-E, it can be concluded that although in an EHS tube, the stiffness in the major axis direction is higher than that in the minor axis direction, moment capacity of the minor axis connection can still be enhanced by welding a stiffener plate in the major axis direction. But this conclusion did not apply to the equivalent concrete-filled connections. Similarly to major axis connections, the capacity of Joint-DC without stiffeners was slightly higher than the stiffened counterpart Joint-EC. The failures of all the specimens are illustrated in Fig. 7-11 . After the tests, a portion of the steel tube was removed from the concrete-filled columns, in order to inspect the condition of the concrete core ( Fig. 7(e) , Fig. 8(c) , Fig. 9(c) , Fig. 11(e) ). For hollow specimens, it was found that local buckling failure (see Fig. 7(c) ) occurred on the column surface near the joint portion with perpendicular compression for connections without concrete. Although Joints-A, C, and E had stiffeners in either the minor or major axis direction, inwards local buckling still occurred near the top section of the connection owing to the direct compression from the top flange of the beam (see Fig. 7(a) , Fig. 9 (a) and Fig. 11(a) ). This phenomenon disappeared in the corresponding concrete-filled connections. The core concrete mitigated the severe deformations that occurred in the hollow columns ( Fig. 7(b) ), while instead, one or more bolts failed in the final stage of the experiments for connections with concrete infill. Shear failure of one bolt is shown in Fig. 7(d) .
An approximately square cross-sectional shape was obtained eventually in the Joint-A column, caused by compressive load transferred from the beam, as depicted in Fig. 7(c) . Tearing failure on the tube wall near the left fin plate was found in the later stage of the test for Joint-A. In contrast, there was no obvious local failure and no cracks in the core concrete (see Fig. 7 (e)) which means that the stiffener, core concrete and steel tube worked really well in this case.
Similar deformation was observed at the upper portion of the Joint-B column, but an elliptical cross-sectional shape with a higher aspect ratio was obtained near the bottom of the connection owing to the direct tension force and the absence of a stiffening plate. In contrast to Joint-AC, cracks occurred on the core concrete of Joint-BC around the upper worst section initiating at the right hand side of the ellipse, as shown in Fig. 8(c) . Both of the bottom bolts of Joint-BC failed in shear.
Inward local failure of Joint-C and the most severely deformed section are shown in Fig. 9(a) and (b), respectively. With the exception of these locations, there is no obvious deformation in the Joint-C column and no cracks in the core concrete of Joint-CC (Fig. 9(c) ). The reason is that together with the bolts, the through plate in the minor axis direction, which combined the stiffener and fin plates, endured almost the whole shear force and moment transferred from the beam before beam end touched the column face. The load was transferred from the beam to the bolts and then to the through plate. Owing to the external fillet welds between the "fin plate" and the column face, the EHS tube wall was subjected to compressive force near the upper section and tensile force near the bottom part. However, the "stiffener plate" helped to endure most of the compressive or tensile load, thus large concave or convex deformations occurred in the EHS column around the connection and cracks in core concrete were prevented. Shear force increased with the increasing of joint rotation, and thus leaded to failure of bolts. In particular, two bottom bolts of Joint-C failed while those in Joint-A and -B did not, which verified the above explanation.
Comparison of failure modes of Type-D connections can be seen in Fig. 10 . Inward local buckling was observed in the Joint-D column, in contrast, no deformation occurred in the steel tube but cracking occurred throughout the core concrete at the same position. The concrete failure of Joint-DC was more severe than that of Joint-BC because it was subjected to bending in the weaker axis direction. Moreover, for Joint-DC, the bottom and middle bolts at the left side failed in sequence eventually, along with the tear failure of the column wall on the right side.
Failures of Type-E connections are illustrated in Fig. 11 . Gr. 8.8 bolts were used firstly in this joint assembly. For the unfilled connection Joint-E, inward local buckling occurred on the elliptical column tube (see Fig. 11(a)-(b) ), while the bottom bolts at both sides of Joint-EC failed and small cracks initiated in the column surface near the bottom of the fin plates.
Expecting better bending capacity, Gr. 10.9 bolts were then adopted to repeat the experiment of Joint-EC. However, the bottom and middle bolts at the left side failed in sequence eventually, accompanied with extension of the cracks on the right hand side (see Fig. 11(d) ).
Similar to Joint-AC and Joint-CC with stiffeners in the columns, no severe cracks were observed in the core concrete of Joint-EC as shown in Fig. 11(e) . According to the moment versus rotation responses of beam to elliptical column connections, friction was in control in the initial stage with the friction force existing between fin plates, beams and bolts. In this section, the rotation of the connection was quite low but the slope of the moment-rotation curves was nearly constant, with the column, beam and bolts working well together. Then, slippage occurred when the load applied was bigger than the friction force, and the moment climbed slowly with the increase of rotation. Afterwards, the bolts, the bolt holes in the fin plates and the beam webs acted together in resisting the load until the joints failed in one of the modes described previously.
For all of the joint assemblies, connections with concrete-filled columns had much higher moment capacity than their unfilled counterparts. The enhancement in moment ranged from 1.91 to 5.19. Additionally, a minor axis through plate connection was found to have higher stiffness and better moment capacity, hence this joint type was recommended for minor axis beam to elliptical column connections. 
